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ABSTRACT

We have obtained 10.4-12 pm spectra at spectral resolution R = 190 of the 1lerbig Ac star
| {lias 1 in the Taurus dark cloud with the UKIRT CGS3 spectrometer, along with an 8-13
pm spectrum at R == 55. The 11.2 pm emission feature matches the wavelength, shape, and
FWHM of the 11.22 pm aromatic hydrocarbon band, consistent with the presence of other
aromatic features. A strong 11.06 pm feature is present and ncw emission features at 11.6
and 11.76 pm arc revealed. The strong silicate emission feature is broader and peaks at a
longer wavelength than can Le reproduced with the Trapezium emissivity. | .arger grains,

with mean radius a--- 1.S pm appear 1o be required, a possible inclination of grain growth

around ayoung star.



1. INTRODUCTION

The pre-main-sequence object 1HissTisallerbig Ac star in the Taurus dark cloud with
an unusual infrared spectrum. Both strong silicate emission and the family of aromatic
hydrocarbon bands arc present, as wc]] as the anomalous 3.43 and 3.53 pm features (Whittet
et al. 1983; Tokunaga et al. 1991; Schutte et al. 1990). The silicate feature is unlike that scen
in other young stellar objects in the Taurus region (Cohen and Witteborn 198S; Whittet et
al.1988) or in the p Oph cloud (I lanner, Brooke, and Tokunaga 1994; hereafter Paper 1).
Schutic er al. have suggested that the emission peak at 11.2 pm could be due. to crystalline
olivine, Similar to that seen in comet | Ialley. If true, this result would be significant in

linking the silicate grains in comets, which rcpre.sent the proto-solar nebula, with those in

proto-stellar dust clouds.

in order to study the silicate and organic dust around Elias 1, wc obtained a new low
resolution 10 pm spectrum and a higher resolution spectrum near 11 pm. These data show
that the 11.2 um feature is primarily the normal 11.22 pm aromatic hydrocarbon feature,
with a strong 11.06 pm feature. T'he ncw spectra allow us to remove the estimated
contribution from the aromatic hydrocarbons and define better the emissivity of the silicate

grains around ¥ilias 1. The unusually broad silicate feature may reflect grain growth around

thisyoung star.




2. OBSHRVATIONS

The spectra of Elias 1 were acquired with the CGS310-20 pm grating spectrometer at
the United Kingdom Infrared Telescope (UKIRT) on 1993 Nov 4 and 6 (I-H’). The
low-resolution 10 um grating with R-55 and the high resolution grating with R-190 were
employed with a 3.4” aperture and 20" EW chopping throw. Both nights were exceptionally
dry and stable. Wavelength calibration was clone via a krypton lamp observed through a K
filter at fourth, fifth, and sixth orders. 71'he calibration was checked by measuring the

emission lines in the planetary nebula NGC 702’7. We estimate the wavel ength uncertainty

to be 20.02 pm.

The low-resolution spectrum was taken on Nov 4, using two grating positions spaced
approximately one-half resolution element apart (Fig. 1), The standard star was a Tau.
Alpha Tau was calibrated versus Sirius, which was assumed to have a color temperature of
10,000 K and a flux 4.33 x 1077 2W/m%pum at 10.1 um. I ligh-resolution spectra covering, A
10.4 to 12.0 pm were obtained on Nov 4 and Nov 6, using three grating positions to give 3

points pcr resolution element (Fig. 2). The standard star was « Tau; wc assumed that its

spectrum was smooth a this resolution.




3. THE AROMATIC 1 IYDROCARBON EMISSION BANDS

Fcatures at 8.6 pm, 11.2 pm, and arise at A <8 pmare visible in the low resolution
spectrum (Fig. 1), corresponding to the well-known series of emission bands at 7.7, 8.65, and
11.22 pm. These arc generally attributed to vibrations in polyeyclic aromatic hydrocarbons
(PAT 19), existing either as frec molecules, PAH clusters, or within larger hydrogenated
amorphous carbon particles (Duley & Williams 1981; Leger & Puget 1984; Allamandola,
Ticlens & Barker 1985) or to aromatic hydrocarbon components in an amorphous material
(Sakata etz al. 1987). The 11.2 pm feature. is resolved and ncw spectral structure is revealed

in the higher resolu tion speet ra present cd in Fig. 2,

To analyze the shape of the 11.2 um peak, we subtracted a linear continuum fit at 10.95
pm and 11.50 pm and averaged the Nov 4 and Nov 6 spectra (¥ig. 3). The main feature
matches the peak position (1 1.22 pm), asymmetric shape, and FWI IM (0.22 pm) of the
aromatic hydrocarbon band in other sources (Witteborn et a. 1989). The integrated flux
i 17.5 4 0.4 x 10°°W/m’The narrow peak at 11.31 pm is possibly the 9-7 transition in
atomic hydrogen ( 211.309 pmin vacuum; Moore 1949). If so, the adjacent points are the
half-power points and aso lic above the emission band profile. (For comparison, the 8.6
pm feature in Fig. 1 has central wavelength 8.65 pm, I'WiIM 0.21 pm, and integrated flux
16.7 # 0.6 x 10 W/m?2.)




Schutte er al. (1990) suggested that the spectral peak near 11.2 pm in Elias 1 could be

due to crystalline olivine, sSimilar to that in Comet alley. While some contribution from
silicate emission cannot be ruled out, we conclude that crystalline olivine is not the major

source of the 11.22 pm feature in Elias 1.

The secondary maximum at 11.06 pm has an integrated flux of 4 0.2 x 10 > w/m?.
This is stronger relative to the 11.22 um feature than any of the sources observed by
Witteborn et al. (1989) or Roche, Aitken, and Smith (1991), with the exception of the
pre-main-sequence object TY G-A. A strong 11.06 um feature does not correlate with the
anomalous 3.43 and 3.53 pm emission bands, since these bands arc absent in TY CrA (7.
Geballe, private communication). 1D 97048, which also exhibits the 3.43 and 3.53 pum

bands has only aweak 11.06 pm feature.

We have identified two new features in Miss 1 at A 11.6 pm and 11.76 pm (Fig. 2).
These new features satisfy the criteria that they arc several data points wide and arc present
in both the Nov. 4 and Nov. 6 spectra.  Their integrated fluxes arc about 10% that of the
11.22 um feature. Possible spectral structure is present in the 10.4 -10.8 um region, but
higher signal/noise data arc required to confirm this. in ratios of our high-resolution
spectra of « '1'au separated by 0.32 in air mass, only one possible atmospheric feature
greater than 1 percent is evident, near 11.73 pm. The difference in air mass between 1:lias
land a Tau was 0.15 on Nov 4 and only 0.01 on Nov 6. ‘1’bus, we believe that none of the

features in Fig. 2 arc atmospheric in origin.




The 11.22 pm and 11.06 pm features are believed to be due to cmt-of-plane bending

mode vibrations within aromatic rings containing only nonadjacent peripheral hydrogen
atoms (Allamandola ef al. 1989; 1.eger ef al. 1989). The frequency of the C-J1bending
mode depends on the number of adjacent hydrogen atoms in the. peripheral rings of PAT 1
molecules; the frequency decreases as the number of peripheral 11 atoms increases. In this
interpretation, the band at 11.6 pm could arise from onc or two peripheral 1 1 atoms, while

the 11."76 pm band suggests two peripheral H atoms.

4. TIHE SILICATE EMISSION FEHATURE

4.1 Removing the aromatic hydrocarbon features

in order to define the silicate emissivity from the low resolut ion spectrum, it is
necessary 10 rem ove th ¢ contribut ion of the aromatic h ydrocarbon emission feat ures. Fluxes
inthe 11.2 and 11.06 pm features were cstimated from the high resolution data of 4 Nov
assuming a linear baseline between10.95 and 11.50 pm. The points were then convolved
to the. spectral resolution of the low resolution data and subtracted. The cent ribut ion of
the aromatic 7.7 pm feature is more difficult to estimate. Only part of the. feature is
accessible from the ground. A spectrum of Elias 1 from 5-8 pm taken from the Kuiper
Airborne Observatory (Schutte er al. 1990) is shown with our spectrumin ¥ig. 4. The KAO

spectrum was multiplied by a factor 1.15 to match the CGS3 spectramin the region of



overlap (7.8-8.2 pm), but only the CGS3 points arc plotted in this range because of the

much lowci signal-to-noise of the KAO data.

We estimated the contribution of the 7.7 pm feature by assuming that the feature had
approximately the same shape as the 7.7 pm feature in the Orion bar, position 4 (Fig. Ib,
Bregman et al. 1989). The Orion bar spectrum is useful for estimating the contribution of
aromatics since the aromatic features dominate the, total flux. A precise spectral match was
impossible since the Elias 1 spectrum rises much more sharply a A < 8 pm than the Orion
bar. Instead, wc fixed the relative fluxes at three points away from the peak (7.0,8.9, and
9.S um) and the total integrated flux in the feature (normalized by the 7.() pm flux) at
values taken from the. Orion bar spectrum, then determined the simplest continuum
consistent with those valu es. The 8.6 um region was not included. The result, a second
order polynomial, is shown in Fig. 4. Replacing the points shortward of 9.5 pm by this
continuum gives the spectrum shown by the dashed curve in Fig. 4. Note that - 30% of

the total flux at 8.0 pmisdue to the 7.7 pm feature.

Using a cubic spline fit to points where the 7.7 um feature flux is assumed to be
negligible (e.g. Cohen e al. 1986) did not change the resulting continuum in the 8 pm
region by more than 596. We prefer the continuum derived above because it allowsfor the

presence of “plateau” emission from carbonaceous grains at 7.0 pm (Bregman et al. 1989).




4.2 Modeling the silicate feature

The slicates along the lines of sight 10 many young stars in molecular clouds appear to
have cmissivitics Similar to that of the Trapezium region (Cohen and Witteborn 1985;
Whittet ef al. 1988; Paper 1). It is clear that the silicate emission feature in 1ilias 1is not
due solely to optically thin emission from grains with the Trapezium emissivity because the
contrast is lower and the feature is broader than the Trapezium emissivity (see Fig. 1in
Paper 1). ‘1" here could be four explanations for this: 1) optical depthincrease; 2) dilution
of optically thin emission by featurcless emission; 3) grain Size increase; Or 4) compositional

difference in the silicates.

We tested whether (1) or (2) might explain the feature in Elias 1 using the Trapezium
emissivity as a template in two simple models, described in Paper 1. Source functions in
each case were assumed to be power laws. The parameters (optical depths, power laws,

scale factors) were adjusted until the best |cast-squares fit to the data was obtained.



Casel - Variable optical depth

AF, = ._.,,AL_ m - -ae 1
e I (1)

With ¢,(1) normalized at 9.7 pm, the parameter a, is the total silicate optical depth at 9.7
um, 7¢ 5. This slab mode!l approximates a dusty envelope which both emits and absorbs at

10 pm.

Case 2- Two component: Optically thick + optically thin emission

A

AF, = aO(B%)" + A Y e M) (2)

This model might apply, for example, to an optically thin envelope and an optically thick
disk (or the star itself), both of which both contribute to the flux at 10 pm. The optically

thick component could aternatively rcprc.sent emission from featureless dust.
Fig. 5a shows the best fit under case 1, with 7¢,=1.85. The fit is poor; the }ilias 1

spectrum clearly peaks at alonger wavelength, Case 2 provided amarginally better fit, but

required steep power laws which do not match the published photometry of 1 Hiss 1.
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An increase in the grain size causes a broadening of the silicate emissivity toward longer
wavelengths (Simpson 1991; 1 Ianner e al. 1994a). ‘1'0 test whether larger grains might
provide a better fit to the Elias 1spectrum, WC calculated absorption efficiencics, Qe fOr
spheres of different radii using the optical constants of astronomical silicate (IDraine and
1.ce 1984). The best fit to the Iilias 1 spectrum for case 1 was for a grain radius of 1.5 pm

(¥ig. 5b) with 79, = 0.33. A radius of 2.0 um gave a significantly worse fit.

The model with a= 1.5 pmis significantly better than the fit with the Trapezium
emissivity, suggesting that the mean size of the circumstellar grains near }ilias 1 may be
considerably larger than interstellar grains. But the Elias 1 spectrum peaks at a longer
wavelength (-10.6 pm), so there may be a compositional diffcrcncc between the silicates
around Elias 1 and the Trapezium region also. |f such compositional differences broaden
the slicate emissivity compared to the Trapezium, then larger grain size would not
N ecessarily be required.  Grain growth is expected in protoplanetary disks. The silicate
emission feature in B Pic was fit by Aitken ef al. (1994) using astronomical silicate optical

constants and grain sizes similar to those found here.

The dilicate feature in 1 ‘lias 1 differs from that seen in comet 11alley and some other
comets (1 Janner ct @ 1994a). The comet feature has a broad maximum near 9.8 pm (vs,
-10.6 pm in Elias 1), an obvious dip a 10.7 ym, and arise from 10.7 to the peak at 11.2

pm. “J bus, wc conclude that the mineralogy of the silicatesin ¥:lias 1 is not the. same as

cometary dust.
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5. CONCI.USIONS

The 10.4 - 12 pm spectrum of Elias 1 in the Taurus dark cloud at spectral resolution
R= 190 reveals considerable spectral detail. The profile of the emission feature at 11.22 pm
matches the peak wavelength, asymmetric shape., and FWIIM of the well-known aromatic
hydrocarbon band. A prominent 11.06 pm feature is present. Two new features are

detected at 11,6 and 11.76 pm, with integrated fluxes - 10% that of the 11,22 pm feature.

A low resolution 8-13 pm spectrum was used to estimate the silicate emissivity after
removal of the cent ribu t ion from the aromatic h ydrocarbons. The silicate feature is not
well-matched by simple models incorporating the Trapezium emissivity, believed to be
typical of molecular cloud dust. But the feature is approximately reproduced by optically
thin emission from the. “astronomical silicates’ defined by Draine & 1.ce (1984) for grains
with a mean radius - 1.5 pm. This may indicate that significant grain growth has begun
in the circumstellar environment of this young stellar object.  Alternatively, significant
compositional differences may exist between 1 Hiss1 and the Trapezium. The silicate
feature does not resemble that of Comet Halley or other comets; thus, the silicate

m ineralogy differs from cometary dust,
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Figure 1.

Figure 2.

Figure 3.

Figure 4,

Figure 5a

Figure Sb.

FIGURE LEGENDS

Elias 1CGS3 spectrum at spectral resolution R = 55, Nov. 4, 1993,

Flias 1 CGS3 spectra at resolution R = 190. Nov. 4 spectrum displaced by

-1 X 1013 and Nov. 6 spectrum displaced by +1 X 1013 W/m2/pm.

The 11,22 pm and 11.06 pm features in Elias 1. A linear continuum f{it at
A10.9S and 11.50 pm has been subtracted from the observed fluxesin Iig. 2

and the spectra from Nov. 4 and Nov. 6 have been averaged.

S-13 pum spectrum of Elias 1. Filled circles: CGS3 data from Fig. 1; open
circless KAO data from Schutte er al. (1990), multiplied by factor 1, 1S;
Dashed line is the flux after removal of the aromatic hydrocarbon

contribution (see text).

Best fit Trapezium emissivity model (solid line) compared to Elias1 silicate

emission (points) for case 1, 7¢,= 1.85, m =1.61.

Best fit with "astronomical silicate” grains of radius a= 1.5 pm (solid linc)

and @ = 2.0 pm (dashed linc) for case 1, vy 5 = 0.34, m =- 1.13.
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